INTRODUCTION
For the past few years, satellite communications have drawn more and more attention. Orthogonal Frequency Division Multiple Access (OFDMA) scheme is a prospective candidate for satellite communications, and relevant research is in progress [1] [2] [3] . In wireless communication systems, system capacity is mainly restricted to limited spectrum [4] . In terrestrial systems, different cells can employ the same frequency to increase spectrum efficiency. In satellite systems, the Frequency Reuse (FR) is accomplished by using multiple beams [5] . Multi-beam satellite systems use different spot beams to distinguish different regions which are in the same satellite coverage area.
In multi-beam satellite communication systems, on-board antenna acts as a spatial filter, leading to a different interference scenario compared to that of terrestrial systems. Interference analysis for multi-beam satellite systems has been widely researched recently, and different interference models for various application scenarios have been established [6] [7] [8] . Most are based on assuming beams as circles of the same size. However, due to great satellite coverage area, except the Orthographic Projection (OP) of the satellite, all other cells are approximate ellipses in actual systems.
When a cell is far from the sub-satellite point, its area is much larger than that of the circular cell which is centered on the sub-satellite point. Therefore, if all beam projections in the satellite coverage area are assumed as circular cells which are OPs of the satellite, there will be a large overlap area between actual projections of beams, resulting in bigger actual IBI than assumed. In this paper, an IP model is proposed for IBI in OFDMA based GEO satellite communication systems, and taking a multi-beam satellite system covering Chinese Mainland (CM) for example, C/I of users at different latitude and longitude is calculated.
This paper is organized as follows: Section II describes the system model of multi-beam satellite systems. Section III proposes an IP model for IBI. In Section IV, simplification of C/I formula for satellite link is introduced. C/I of users in several typical positions is calculated and analyzed in Section V. Section VI concludes the paper.
II. SYSTEM MODEL OF MULTI-BEAM SATELLITE SYSTEMS
In multi-beam satellite communication systems, the satellite coverage area is divided into many regions, each of which is served by a satellite spot beam. On the earth surface covered by a spot beam, the boundary is a level contour. Generally, when planning network, the level of beam boundary is set by a 3dB decrease of antenna gain [9] .
Research about IBI analysis usually regards on the earth surface as a plane surface. A cell is approximately considered as the OP of the satellite beam. Thus, the cell and the beam form a cone, of which the radius of bottom is the distance corresponding to the half 3dB beamwidth. However, in actual systems, most cells are IPs of the satellite, causing the bottom of the cone is an ellipse. The shape of a cell varies with the angle between the beam boresight and the ground. If the beam boresight is perpendicular to the ground, the cell is a circle, as shown in Fig. 1(a) , where 3dB θ is half 3dB beamwidth. Otherwise, the cell is an ellipse, as shown in Fig. 1(b) .
In addition, the smaller the acute angle between the beam boresight and the ground is, the larger the ellipse eccentricity is and hence the ellipse is flatter. It's worth noting that the center of the elliptic cell (the point corresponding to beam boresight) is not the geometric center of the ellipse.
As shown in Fig. 2 , this paper is based on a GEO satellite communication system covering CM by 88 spot beams. The radius of each beam is about 240km, and the half 3dB beamwidth is about 0.38°. After taking IP into consideration, actual shape of each beam projection is shown in Fig. 2 , when the GEO satellite is at 110°E. It can be seen that when a cell is near the sub-satellite point (shown as a red cross in Fig. 2 ), the shape of elliptic beam projection is like that of the circular beam projection and the overlap between beams is small. On the contrary, when a cell is far from the subsatellite point, the shape of elliptic beam projection is much larger than that of the circular beam projection, and the overlap between beams is large. Therefore, if using the circular beam planning scheme shown in Fig. 2 , there will be a large overlap area between actual beam projections, leading to bigger actual IBI than assumed.
III. INTERFERENCE MODELING OF INCLINED PROJECTIVE MULTIPLE BEAMS
In terrestrial communication systems, interference is strongly distance-dependent, and its evaluation can usually be limited to the first tier of the neighbor cells or less, if particular and favourable orography is present [6] . In mobile satellite communication systems, on-board antenna acts as a spatial filter and the angular selectivity of beams is not very ideal, so the level of interference depends on the user angular separation, referred to the satellite position (see Fig. 3 ). In order to model the interference scenario, the angular separation needs to be calculated first. The calculation method is different with and without the consideration of IP. Taking user u in cell c (represented by (u,c)) for example, the calculation method of the angular separation n uc θ (the angle between the boresight of cell n and the line between user (u,c) and the satellite) is explained below.
As shown in Fig. 3 , the orbital height of the satellite is registered as h, and the earth radius is registered as R. (lat S ,lon S ), (lat p ,lon p ), (lat uc ,lon uc ), and (lat n ,lon n ) represent the latitude and longitude of the GEO satellite orbit, the subsatellite point, user (u,c), and the center of cell n, respectively. When not considering IP (see Fig. 3(a) ), the sub-satellite point and the center of cell n are in the same position, (lat p ,lon p )=(lat n ,lon n ), and the satellite, the earth's core, user (u,c) and the center of cell n form a triangle.
n uc θ is given by 
When taking IP into consideration (see Fig. 3(b) ), the sub-satellite point and the center of cell n do not overlap, (lat p ,lon p )=(lat S ,lon S ), and the satellite, the earth's core, user (u,c), and the center of cell n form a tetrahedron. The complexity of calculating n uc θ increases. ( )
where  p n d is the spherical distance between the center of cell n and the sub-satellite point and  p uc d is the spherical distance between user (u,c) and the sub-satellite point.
Then, using the triangle formed by the satellite, user (u,c) and cell n, n uc θ is given by
After that, the antenna radiation pattern needs to be selected to obtain antenna gain. With the same angular separation, antenna gain varies with the radiation pattern. Let 
where θ is the angular separation from (1) or (5), Mj G is the maximum gain of the jth spot, and ( ) j F θ is the normalized far-field radiation pattern. The radiation patterns have been modeled through suitable masks enveloping the maxima of the generic tapered-aperture antenna radiation pattern [7] [8] ,
where: sin / Bessel function of the first kind and order p; T is the aperture edge taper. The last part of interference modeling is to select a general C/I formula to measure the interference level. The calculation of C/I is introduced in detail in Section IV.
IV. SIMPLIFICATION OF C/I FORMULA FOR SATELLITE LINK
For OFDMA system, it can be considered that no intrabeam interference exists and that all interference comes from other beams. Therefore, the interference considered in an OFDMA based GEO satellite system is IBI. Since OFDMA is a frequency and time division system, there's at most one interfering user existing in each other beam at a certain time and a certain frequency band. As for one or none interfering user existing in a spot beam, it depends on the layout pattern deployed, and whether the beam is full-loaded, as well as the resources scheduling strategy [10] .
In multi-beam satellite systems, C/I is often used to characterize interference. C/I can be obtained by the calculation of the ratio of carrier power and IBI power. As shown in Fig. 4, (m,n) represents the wanted user and the interfering user is represented by (u,c).
A. Up Link
Using the OFDM up-link C/I formula introduced by Ref. 6, the carrier power is Other parameters used in the simulation are listed in Table I . It can be seen from Table II that when not considering IP, C/I of each cell is slightly different. That is because when each cell is assumed to be the OP of the satellite, interference of each cell depends not on its own latitude and longitude, but on the number of interfering cells and the distance from those cells. When the FR factor increases, the number of interfering cells decreases and the distance gets larger, introducing less interference to the interfered cell.
However, when considering IP, all C/I has a certain degree of deterioration, and the larger the distance between the cell and the sub-satellite point is, the worse the C/I becomes. That's because when the cell is near the subsatellite point, the shape of beam IP is slightly different from that of the OP, and the overlap between beams is small, introducing weak interference. While the cell is far from the sub-satellite point, the shape of beam IP is much different from that of the OP, and the overlap between beams is large, introducing the interfered cell strong interference.
Therefore, when planning satellite beams, if the position of each cell boresight is planned according to circular cell distribution, severe interference will be introduced. It is suggested to take IP into consideration when planning beams. An alternative is that the position of each cell boresight is planned according to elliptic cell distribution to make all beams cover the whole area and the overlap between beams as small as possible, which can reduce both the IBI and the number of beams.
VI. CONCLUSION
This paper presents a complete process of interference modeling and analysis for inclined projective multiple beams of OFDMA based GEO satellite communication systems. Taking 3 typical cells for example, a comparison of C/I of the central user with and without the consideration of IP is made, based on the simulation using different FR factor, and the corresponding analysis is presented. It can be seen that when taking IP into consideration, C/I of each cell has a certain degree of deterioration, and the larger the distance between the cell and the sub-satellite point is, the worse the C/I becomes. This research can provide reference for later satellite beam planning.
